[1] Dissolved oxygen (DO) replenishment in the bottom waters of an estuary depends on physical processes that are significantly influenced by external forcings. The vertical exchange time (VET) is introduced in this study to quantify the physical processes that regulate the DO replenishment in the Chesapeake Bay. A 3-D numerical model was applied to simulate the circulation, VET, and DO. Results indicate that VET is a suitable parameter for evaluating the bottom DO condition over both seasonal and interannual timescales. The VET is negatively correlated with the bottom DO. Hypoxia (DO <2 mg L 21 ) will develop in the Bay when VET is greater than 23 days in summer if mean total DO consumption rate is about 0.3 g O 2 m 23 d 21 . This critical VET value may vary around 23 days when the total DO consumption rate changes. The VET volume (volume of water mass with VET >23 days) can account for 77% of variations of hypoxic volume in the main Bay. The VET cannot explain all the DO variations as it can only account for the contribution of physical processes that regulate DO replenishment. It is found that the short-term vertical exchange process is highly controlled by the wind forcing. The VET volume decreases when the highspeed wind events are frequent. The summertime VET volume is less sensitive to shortterm variations (pulses) of river discharge. It is sensitive to the total amount of river discharge and the high VET volume can be expected in the wet year.
Introduction
[2] Dissolved oxygen (DO) is an important measure of health in estuaries and other coastal systems. The recurring phenomenon of oxygen depletion in bottom waters from late spring to summer has been widely observed in the Chesapeake Bay [e.g., Hagy et al., 2004] , Long Island Sound [e.g., Wilson et al., 2008] , Gulf of Mexico [e.g., Rabalais et al., 2002] , and many other areas. In Chesapeake Bay, hypoxic conditions occur in the central portion of the Bay (102-222 km upstream of the Bay mouth) for most or all of the summer [Hagy et al., 2004] . Hypoxia is a routine phenomenon in western Long Island Sound since the mid-1980s and the minimum DO concentration is declining.
[3] As hypoxia can cause significant ecological harm in both estuarine and coastal waters, there are many studies dedicated to investigating the dominant factors that modulate the DO concentration in bottom waters. By analyzing bottom DO and density stratification in western Long Island Sound, Wilson et al. [2008] indicated that the windinduced current shear plays an important role in controlling stratification and vertical mixing. Interannual variations in both the direction and directional constancy of summertime winds over western Long Island Sound are shown to control the ventilation of bottom waters and thereby the seasonal development of hypoxia. Numerical studies of Scully [2010a] demonstrated that the interaction between winddriven lateral circulation and enhanced vertical mixing over shoal regions is the important mechanism for replenishing oxygen to hypoxic subpycnocline waters. The effectiveness of this mechanism is strongly influenced by the direction of wind forcing. On the other hand, studies of Seliger and Boggs [1988] revealed the correlation between summertime Chesapeake Bay hypoxia and springtime discharge from the Susquehanna River. Spring river flow is an extremely strong predictor of summer water column stratification in the middle Chesapeake Bay [Boicourt, 1992; Hagy, 2002] , which affects vertical mixing of DO across the pycnocline [Hagy, 2002] , and is one of several important factors contributing to the formation of hypoxia. The river flow as a predictor of hypoxia encompasses both direct physical effects and indirect biological effects associated with increased nutrient loading during high flow periods [Hagy et al., 2004] . By studying the long-term trends of eutrophication in Chesapeake Bay, Cerco [1995] indicated that, over the past 30 years, the maximum variation of anoxic volume attributable to runoff-induced nutrient loading was only 65% of the anoxia caused by high stratification. His results suggested that the hydrodynamic process was one of the major determinants of anoxia variation in the bottom water. In a study of Virginia tributaries of the Chesapeake Bay, Kuo and Neilson [1987] linked hypoxia severity to the gravitational circulation. Tributaries with low runoff and weak circulation exhibited more hypoxia than the tributary with the highest runoff and strongest circulation. The residence time of the bottom water is longer when the gravitational circulation is weak. Therefore, water parcels were exposed to bottom-oxygen demand for a longer period. However, in the mainstem of the Bay, the stratification is sufficient to overcome the beneficial effects of strong gravitational circulation and the vertical exchange process is the dominant physical process for modulating the bottom water DO in the middle and upper portions of the Bay mainstem.
[4] Hypoxia occurs when the oxygen consumption by biogeochemical processes exceeds replenishment by physical processes. Shen et al. [2013] presented a simplified conceptual model of the relationships between estuarine transport timescales and bottom water DO. The timescales were used in their study to quantify the strength of estuarine circulation, vertical exchange, and the total oxygen consumption rate of biochemical processes. Using transport timescales to quantify the physical oceanographic and biochemical processes has many advantages and has been widely used for inferring the circulation and mixing in estuaries and oceans [Hohmann et al., 1998; Schlosser et al., 2001; Shen and Haas, 2004; Hong and Shen, 2012] , studying rates of biochemical processes [Sarmiento et al., 1990; Hohmann et al., 1998; Lucas et al., 2009] , and estimating ventilation rates of lakes, estuaries, and ocean basins [England, 1995; Jenkins, 1987; Gustafsson and Bendtsen, 2007] . The transport timescale can be calculated as water age and is not directly observable. Transient tracers and isotopes are usually used in numerical models and natural waters to infer water age. In this way, the transport time represents the elapsed time since the water was last in contact with the tracer source [Deleersnijder et al., 2001; Waugh et al., 2003; Delhez et al., 2004] .
[5] The Chesapeake Bay is one of the most productive estuaries in the U.S. (Figure 1a ). The Susquehanna River contributes 62% of the gauged flow to Chesapeake Bay [Cerco, 1995] . Consequently, Susquehanna runoff is a prime determinant of circulation and density stratification in the mainstem of the Bay. Over the last four decades, the volume of hypoxic and anoxic water in the Chesapeake Bay has more than tripled due to excessive nutrient inputs [Hagy et al., 2004] . In many years, the hypoxic volume comprises almost a quarter of the water in the mainstem of the Bay during the summer months [Chesapeake Bay Foundation, 2008] . On average, DO levels in bottom areas of the Bay begin to decline in March, become hypoxic in May, and do not return to healthy levels until October or November [Chesapeake Bay Foundation, 2008] . Quantifying the competition between physical processes and biochemical processes for regulating DO in the bottom waters of an estuary is crucial but remains difficult under realistic situations. In this paper, we applied a 3-D numerical model to reproduce the dynamic circulation and DO variations in the Chesapeake Bay. The transport timescales are calculated to quantify the contributions of different physical processes that regulate the DO replenishment in the Bay. We aim to pursue the correlations between the bottom water DO and vertical exchange time, which will be used to measure physical processes that regulate the DO replenishment.
[6] The paper is organized as follows. The model configuration is introduced in section 2. The model calibration is shown in section 3. Section 4 presents the results. Section 5 presents the discussion. Conclusions are given in section 6.
Methods

Hydrodynamic Model Description and Configuration
[7] The three-dimensional hydrodynamic-eutrophication model (HEM-3D) developed by the Virginia Institute of Marine Science is used for this study. The hydrodynamic portion of the HEM-3D model is the environmental fluid dynamics code (EFDC). The detailed description of the HEM-3D model can be found in Hamrick and Wu [1997] . The model uses curvilinear, orthogonal horizontal coordinates, and sigma vertical coordinates to represent the physical characteristics of a water body. The Mellor and Yamada level 2.5 turbulence closure scheme [Mellor and Yamada, 1982 ; Galperin et al., 1988] was implemented in the model. As participants of the NOAA/SURA Estuarine Hydrodynamics and Hypoxia Modeling Testbed, this model had been fully calibrated for tide, salinity, and current velocity against the available observations in the Chesapeake Bay. This model had been successfully applied to the Chesapeake Bay for the sea level rise study [Hong and Shen, 2012] . The same model configuration as was used in Hong and Shen [2012] (including model grids, open boundary conditions, forcing fields, initial fields, etc.) is used in this study. The model grids and computation domain are shown in Figure 1b. 
Dissolved Oxygen Simulation
[8] A DO model with simplified parameters is coupled with the EFDC model. The DO dynamics are controlled by net DO transport, biogeochemical oxygen consumption, and reaeration. The DO processes can be described as follows:
where O is DO concentration in the water column (mg L (T220) (T is temperature C) was implemented in the model to account for seasonal variations [Thomann and Mueller, 1987] . As T has spatial and temporal variations, the resulting oxygen consumption rate also varies spatially and temporally. The rate will be 0.30 g O 2 m
23 d 21 at 25 C. The same temperature-related function was also applied to SOD. The open boundary oxygen values were prescribed by the saturation values, which are computed as a function of temperature and salinity [Park et al., 1995] . Using a model with sophisticated biochemical processes, such as the Chesapeake Bay Program Model [Cerco, 1995] , one can simulate nutrient and phytoplankton dynamics and account for DO variations more realistically and accurately. However, the use of this simplified DO model is not for the purpose of predicting the DO based on nutrient input and phytoplankton dynamics, but to capture the DO variations based on lumped biological processes and observed mean parameters, which will allow us to conduct a diagnostic study of the influence of physical processes on DO dynamics [Scully, 2010a] .
Transport Timescale Calculation
[9] The transport timescale is calculated as mean water age, which is governed by the following equations:
@Cðt; x; y; zÞ @t 1 rũCðt; x; y; zÞ2KrCðt; x; y; zÞ ð Þ 50
@aðt; x; y; zÞ @t 1 rũaðt; x; y; zÞ2Kraðt; x; y; zÞ ð Þ 5Cðt; x; y; zÞ (3)
[10] The mean water age can be calculated as follows :
aðt; x; y; zÞ5 aðt; x; y; zÞ Cðt; x; y; zÞ
where r5ĩ
Cðt; x; y; zÞ is the tracer concentration, aðt; x; y; zÞ is age concentration,ũ is the velocity field, and K is the diffusivity tensor. Conservative tracers were used to calculate the transport timescales of the physical processes in the Bay based on equations (2) and (3). For computing the vertical exchange time (VET), tracers are released throughout the entire surface of the Bay. At the surface, the boundary conditions are specified as Cðt; x; y; zÞ51 and aðt; x; y; zÞ50. At the bottom, the boundary conditions are specified as @Cðt; x; y; zÞ=@z50 and @aðt; x; y; zÞ=@z50 [Gustafsson and Bendtsen, 2007] . The vertical exchange time represents the elapsed time since the water was last in contact with the water surface. As the lateral circulation can also transport water parcels from the surface layer (or well-oxygenated regions) to the bottom layer where hypoxia is likely to appear, the calculated vertical exchange time not only includes the contribution of vertical mixing, but also includes the contribution of lateral circulation that induces exchange between surface and bottom layers of the Bay. The resulting water age at any location represents the transport time required for the water parcel to be transported from the water surface to that location, regardless of its pathway. A similar calculation had been applied in the Chesapeake Bay [Hong and Shen, 2012] .
Dissolved Oxygen Validation
[11] As the hydrodynamic model had been calibrated and shown in Hong and Shen [2012] , only the DO model calibration is shown below. The observed results in 2004 are used for the model calibration. The DO data were obtained from the Chesapeake Bay Water Quality Monitoring Program (http://www.chesapeakebay.net/data_water-quality.aspx). Under this program, the water column was sampled at least monthly at several stations throughout the ) mainly occupies the area between latitudes 37.5 N and 39.2 N, which corresponds to the mouths of Rappahannock River and the Baltimore Harbor, respectively. These comparisons provided validation that the model results are reasonable and can be used for the following analyses.
Results
Correlation of Vertical Exchange Time and Bottom DO
[12] Analyses are first conducted along the cross-Bay section that is located in the mid-Bay (marked in Figure  1b ). Since the DO depletion mainly occurs in bottom waters, both the DO and the VET are averaged at the crossBay section for bottom waters deeper than 8 m. The results are shown in Figure 3a . The averaged VET shows good negative correlation with the averaged DO. The correlation coefficient is 20.81 with a 95% confidence level. In 2004, the hypoxia (DO <2 mg L
21
) occurs around Day 155 and lasts through Day 305. The VET profile also has obvious seasonal variations. The larger VET mainly appears in the summer and the water mass with VET >23 days appeared in the bottom layers during the hypoxia period. The scatter diagram of VET and DO along this cross-Bay section is shown in Figure 3b . The linear fit of the summertime data (Day 150-255) gives the relationship equation DO 5 7.520.235 3 VET. According to this equation, the DO will be less than 2 mg L 21 when the VET is greater than 23 days. This linear relationship is based on the data points with VET <30 days because the DO concentrations level out as DO near the bottom is depleted when the VET is larger than 30 days (Figure 3b ).
[13] The relationship between VET and bottom DO can be evaluated by a simplified conceptual model [Shen et al., 2013] . For a partially mixed estuary, the estuarine circulation can be described by a two-layer model [Pritchard, 1952; Officer, 1976; MacCready, 2004] . Assuming steady state for tidally averaged flow, the lower layer oxygen for a uniform estuary is governed by the following equation [Kuo and Neilson, 1987] :
where k z is the vertical exchange rate (m 2 s
) between the surface and bottom layers. We use this exchange rate to parameterize the overall exchanges between surface and bottom layers. Such vertical exchange can be caused by lateral circulation and other processes, and is not limited to turbulent mixing. B is the total DO consumption rate including both the water column and SOD. The symbol d is the distance between the center of the upper layer and lower layer, and it can be approximated by the bottom layer thickness H. Let D 5 O s 2O be the DO deficit and, applying the boundary condition D 5 D 0 at the Bay mouth (x 5 0, x is positive toward the upstream), equation (5) can be solved as:
[14] Let s e 5x=u be the longitudinal transport timescale that quantifies the travel time of gravitational circulation, s v 5H 2 =k z be the vertical exchange timescale that is the time required for the vertical transport of a water parcel between two layers, and s b 5O s =B be the timescale of the biochemical oxygen consumption. We further introduce two dimensionless parameters, s 
[15] Substituting equation (7) into equation (6) gives: [16] The term e 2s Ã e is the effect of gravitational circulation and the second term on the right-hand side of equation (8) accounts for the impact of the open boundary condition, which diminishes as x increases upstream. Here we transform from a function of distance (x) to an equivalent equation (8), which is a function of timescales and gives a Lagrangian perspective of the DO balance equation. For a given DO consumption rate, surface DO, and transport timescale, the bottom DO can be estimated. The longitudinal transport timescale s e usually ranges from 100 to 150 days in the mid-to upper-Bay (more than 100 km upstream of the Bay mouth) in summer [Shen et al., 2013] . Although the water around the Bay mouth is well oxygenated, the DO within these water parcels will be consumed by the biochemical processes after 100-150 days while they are transported upstream by the gravitational circulation. Therefore, the contribution of gravitational circulation to the mid-and upper-Bay bottom DO replenishment can be neglected. Consequently, the bottom DO replenishment in the mid-to upper-Bay is mainly regulated by the VET and the DO consumption in the water column, which can be expressed as:
[17] During summer, the saturation DO (O s ) is about 7.1-8. , which is within the range of observations [Boynton and Kemp, 1985] . The result of the linear fit in Figure 3b is consistent with this conceptual model prediction except that the linear fit relationship can only provide constant surface saturation DO (7.5 mg L
) and DO consumption rate (0.235 g O 2 m 23 d 21 ). The low DO consumption rate obtained from the linear fit is partially due to including data points with VET >28 days as the DO was depleted near the bottom. Based on the conceptual model (equation (9) Figure 4b . The DO simulated by the HEM-3D model is shown in Figure 4c . It can be seen that the conceptual model predicted results matching our 3-D model-simulated bottom DO in general. It is convincing that the variation of VET is a suitable parameter for evaluating the variation of bottom DO concentration.
Seasonal Feature of DO and Vertical Transport Time
[19] The seasonally averaged profiles of DO and VET along the main channel of the Bay are presented in Figure  5 . In spring (typically represented by March), the mean DO is high throughout the entire water column and the VET is less than 25 days for most of the area (Figures 5a and 5c ). The increase of the VET induces a reduction of the bottom DO in summer (Figures 5b and 5d ). When bottom DO is only about 14% (1/7) of the surface saturation DO in summer, it will take more than 25 days for the surface saturated DO to be transported by physical processes to the area where DO is less than 2 mg L
21
. In summer, the variation of VET around 5-10 m depth is much higher than that in other areas due to the intensified pycnocline. It can be seen that the VET distribution does not match the DO distribution very well because the contributions of biochemical processes cannot be reflected by the VET.
[20] We applied the conceptual model (equation (9)) to estimate DO as a qualitative comparison. Using total DO consumption rates of 0.12 and 0.30 g O 2 m 23 d 21 (as the springtime and summertime temperatures are around 9 and 25 C, respectively), DO distributions can be estimated based on the averaged VET profile shown in Figures 5c and  5d , respectively. The pattern of estimated along-Bay DO distributions (Figures 5e and 5f ) is close to the corresponding results shown in Figures 5a and 5b . These indicate that, by considering temperature and the biochemical processes that are parameterized by the total oxygen consumption rate, DO can be estimated from the VET. The discrepancy can be observed between the results from the conceptual model and the 3-D model, especially around the pycnocline. This is partially due to the fact that conceptual model (equation (9)) only gives the linear relationship that cannot account for the realistic spatial and temporal variations of temperature and DO consumption rates over this 2 month period as included in the 3-D model. Besides, the SOD is applied to the bottom boundary layer in the 3-D model. Its influence is not uniformly distributed over the water column and cannot be estimated by a constant DO consumption rate. Although gravitational circulation has a negligible contribution to the mid-and upper-Bay bottom DO replenishment as the DO within the well-oxygenated Bay mouth water will be consumed by the biochemical processes while they are transported to the mid-and upperBay, it can transport hypoxic water from the mid-Bay to upstream when hypoxia occurs in the mid-Bay. For example, in 2004, hypoxia was observed in the area south of 38.2 N (see Figure 2b) . In the conceptual model, such longitudinal transport of hypoxic water is excluded.
Effect of Lateral Circulation on Vertical Transport Time and DO
[21] A notable decrease of VET occurred around Day 262 in the mid-Bay region (Figure 3a) . It can be seen that such a change of the VET is accompanied by an increase of bottom water DO. We examined the wind forcing and noticed that there is an abrupt change in the wind speed and direction during this period (Figure 6a ). Scully [2010a] pointed out that the effect of wind-driven lateral circulation is one of the important mechanisms regulating summer DO. The effect of lateral circulation induced DO replenishment during the synoptic event can also be observed through the change of VET. Figures 6b-6e presents the daily averaged DO, VET, lateral circulation, and salinity, respectively, along the cross-Bay section in the mid-Bay from Day 261 to Day 266. Before Day 261, the wind forcing is weak. The strong southeast wind occurs on Day 261. The strong north/northeast wind lasts from Day 262 to the end of Day 264. The strong wind event greatly deepened the upper mixed layer on Days 262 and 263 due to the increased vertical mixing, which can be observed from vertical profiles of DO, VET, and salinity. Meanwhile, the strong counter-clockwise lateral circulation is generated at Day 262 and lasts through Day 266. Study of Li and Li [2011] indicated that, under down-estuary winds, a counter-clockwise lateral circulation is generated and steepens isopycnal in the cross-channel sections. The pattern of the lateral circulation in response to the wind events in the present study is consistent with those shown in Li and Li [2011] . The strong lateral circulation favored the vertical exchange by transporting water parcels from welloxygenated regions to stratified regions where hypoxia is likely to appear. Such process greatly reduced the VET and, thereby, enhanced the DO replenishment. The seasonal mean VET in summer is more than 30 days in the deep main channel (Figure 5c ). Such a synoptic wind event can greatly shorten the VET and the value of 15 days can be observed in the bottom layer. The salinity profile along this cross-Bay section clearly reflects that the high flowinduced dilution occurs on Day 266 (salinity <10 psu), which is 4 days after the onset of the strong clockwise lateral circulation. This information indicates that, during a synoptic event such as a large storm, the wind effect can be immediately observed in the local water column while the effect of high flow is usually delayed. The intensified vertical mixing and lateral circulation greatly reduced the hypoxia volume. The intensified river discharge may facilitate the restoration of stratification. The restored stratification will increase the VET, which will facilitate the following restoration of hypoxic volume. From Figure 3a , such restoration may take about 2 weeks.
Discussion
[22] The wind forcing and river discharge are the two major factors that are attributed to the variations of hypoxic volume [e.g., Hagy et al., 2004; Wilson et al., 2008; Scully, 2010a Scully, , 2010b Murphy et al., 2011] . The formation of hypoxia and its extent is regulated by the competition between DO replenishment by physical processes and DO consumption by biochemical processes. While the DO consumption rate is used to parameterize the biochemical processes in our study, we will focus our discussion on the effect of physical processes in replenishing bottom DO.
Effect of Wind Forcing
[23] The wind-induced vertical mixing and lateral circulation can greatly modify the VET (Figure 6 ). In order to quantify the wind effect, we conducted two sensitivity experiments : W1 (which doubles the wind speed after Day 150) and W2 (which turns off the wind forcing after Day 150). Other forcings are the same as those in the Base Run (which uses realistic forcing). Day 150 is selected as the starting time for the sensitivity experiments because it is approximately when hypoxia begins in the Bay (see Figure  3a) .
[24] The temporal variations of the VET volume (defined as the volume of water mass with vertical exchange time >23 days) are presented in Figure 7a . It can be seen that the VET volume approximates zero when the wind speed is doubled (Run W1). On the contrary, the VET volume is greatly increased when the wind forcing is turned off (Run W2). The summertime VET volume is 8.88 km 3 in the Base Run (Table 1 ). In the Runs W1 and W2, these volumes are 0.69 and 16.61 km 3 , respectively. The corresponding hypoxic volume for each case shows similar variations and the values are close to the VET volume (Table 1) . In order to quantify the relative effects of the local vertical diffusion process and lateral circulation in changing the VET, the VET only induced by the vertical diffusion process (V-VET hereafter) is computed by turning off the advection terms in equations (2) and (3), respectively. The summertime profiles of VET along the deep channel of the Bay are shown in Figures 7b-7g . By comparing with the cases with complete hydrodynamic processes (Figures 7b-7d) , the results indicate that the VET below the pycnocline increases greatly when the vertical exchange is only driven by the vertical diffusion process (Figures 7e-7g ). In the Base Run, the V-VET is larger than 40 days below 10 m in the middle and upper-Bay and the bottom V-VET can reach 100 days (Figure 7e ). When both advection and diffusion processes are included, it only results in a very small portion of the Bay with VET >40 days (Figure 7b ). In the case with wind speed doubled (Run W1), both the VET and the V-VET decreases greatly and its pattern is totally changed (Figures 7c and 7f) . The intensified wind forcing results in the destratified water column (figure not shown). Even the vertical diffusion process can induce very active vertical exchange and the area with V-VET >25 days almost disappeared (Figure 7f ). When the advection process is included, the bottom layer VET is largely less than 16 days (Figure 7c) . On the contrary, in the case with wind turned off (Run W2), the surface mixed layer that usually appeared in the estuary is replaced by the highly stratified water and the pycnocline is elevated above 6 m (figure not shown). As a result, the vertical exchange is severely suppressed (Figures 7d and 7g) . Note that, in this case, the water column is less stratified in the bottom layers (figure not shown) so the isolines of the VET and V-VET are mainly perpendicular to the bottom in the bottom layers. Without advection process, it will take about 60 days for water mass being transported from water surface to the 10 m depth (Figure 7g ). All this information indicates that, compared with vertical diffusion, the advection is the dominant process to facilitate vertical exchange in the water column and, thereby, to replenish bottom DO.
[25] Although the wind used in the sensitivity experiment is artificial, these results show that high-speed winds can play an important role in replenishing bottom DO. Figure 8 presents the wind speed at Solomons Island superimposed by the VET averaged in the section across the midBay (see Figure 1b for the location). It can be seen that the occurrence of high-speed wind (especially with wind speed >10 m s
21
) is usually coincident with the occurrence of a sharp decrease in the VET. The surface DO can be transported to the bottom layers within a short time under such a high-speed wind forcing (Figure 7c ). The pycnocline usually works as a barrier layer of vertical transportation of DO. The pycnocline can be destroyed (which facilitates vertical diffusion) or tilted (which intensifies lateral circulation) under such wind events. Either process can increase the vertical exchange of the estuary. Therefore, the passage of a synoptic wind event can result in a sharp decrease of the VET and fast replenishment of DO.
Effect of River Discharge
[26] Previous studies show that the spring river discharge has a profound impact on the summer water column stratification in the Chesapeake Bay [Boicourt, 1992; Hagy, 2002] . A strong stratification will affect the transport of surface high DO water across the pycnocline. It is interesting to investigate the effect of river discharge on the VET. We conducted three sensitivity experiments, R1 (using constant annual mean river discharge after Day 60), R2 (using half of the constant annual mean river discharge after Day 60), and R3 (reducing the observed river discharge by 70%) to investigate the responses of VET. Other forcings are the same as those in the Base Run.
[27] The high river discharge pulses appeared after Day 60 in 2004 (Figure 9a) . By replacing the spring river discharge pulses with constant annual mean flow, the freshwater pulse was removed. Figure 9b presents the time series of VET volume (volume of water mass with VET >23 days). It can be seen that there are only minor changes in the VET volume although the model was forced by the mean flow (Run R1). When half of the constant annual mean river discharge was used (Run R2), the difference of the VET volume only occurs in the late spring until early summer. The difference tends to diminish after June. Several studies suggested that the January-to-May averaged Susquehanna River discharge is closely correlated with the hypoxic volume in the Bay, due to both freshwater input and nutrient loadings [e.g., Hagy et al., 2002; Murphy et al., 2011] , respectively. After removing the spring river discharge pulses after Day 60, the major changes of stratification appear from Day 90 to Day 160 compared to the Base Run, and the changes of R1 are less than those of R2 (figure not shown). However, the summertime stratification only experienced minor changes. It appears that the effect of springtime river discharge pulses on the summertime VET volume decreases after several mouths of adjustment.
[28] Although the sensitivity experiments R1 and R2 removed freshwater discharge pulses, the initial status of the estuary was very stratified. To investigate further the influence of river discharge, an experiment was conducted by reducing the observed river discharge by 70% (R3). The mean discharges from January to May from the Susquehanna River were 1865.70 and 559.71 m 3 s
21
, respectively, in the Base Run and Run R3. In this case, the time series of the VET volume of Run R3 shows a remarkable decrease. When the averaged Susquehanna River discharge from January to May was reduced by 70%, the VET volume was reduced by 20%. This result indicates that the VET volume is sensitive to the total amount of river discharge. A large VET volume can be expected in the wet year, which is consistent with findings from previous studies indicating that the wet year usually has a large hypoxic volume [e.g., Murphy et al., 2011] .
Interpretation of Interannual Variation
[29] The time series of observed summertime hypoxic volume (DO <2 mg L
21
) is shown in Figure 10a These results indicate that the VET is highly correlated with the hypoxia in both the seasonal feature and the interannual variations (also see Figure   11 ). Corresponding to the high hypoxic volumes in 1998 and 2003, the VET volumes are also large in these 2 years. 1999. Such discrepancy mainly occurs during the year with relatively weaker stratification. Both the variations of wind and river discharge can contribute to the interannual variations of stratification, VET volume, and hypoxic volume. We further analyzed the summertime high-speed wind duration from 1998 to 2007 by using the wind data observed at the Solomons Island station. Winds with magnitudes larger than 6 m s 21 were considered as high-speed winds. The duration of high-speed winds was calculated as the number of hours when a speed of 6 m s 21 was exceeded, irrespective of the direction of the wind and the number of consecutive hours when this limit was exceeded. The resulting time series is shown in Figure 10d . It should be noted that Figure 10d has a reversed y axis. A longer duration of high-speed wind should result in smaller VET and hypoxic volume as the ventilation caused by the highspeed wind events can greatly reduce the VET. The year 1998 has the shortest duration of high-speed wind. A longer duration of high-speed wind can be observed from 1999 to 2002. The time series of January-to-May averaged Susquehanna River discharge (Figure 10e ) shows that flow in years 1999-2002 is relatively lower than other years. Although year 2001 has relatively lower river discharge than other years, the duration of high-speed wind in this year is shorter than those for 2000 and 2002. The resulting VET volume is the competition between buoyancy input by river discharge and the momentum input by wind forcing. When the ventilation caused by the high-speed wind events overcomes the suppression caused by strong stratification, the resulting VET volume will be small, and vice versa.
[30] The regression of summertime hypoxic volume and VET volume indicates that interannual variations of VET volume can be used to predict the variations of hypoxic volume (Figure 11 ). Their correlation coefficient is 0.87 (with 95% confidence level). The interannual variations of N 2 are frequently used to explain the variations of hypoxic volume [e.g., Murphy et al., 2011] , which can be estimated based on the observed salinity data. The advantage of using VET is that it provides a common currency, which can be directly compared to the timescale of the oxygen consumption. It also provides information for the region where low DO can occur. Based on the conceptual model and regression results, the VET can be conveniently used to estimate bottom DO in the Bay if we know the oxygen consumption rate. For example, when the oxygen consumption rate is 0.30 g O 2 m 23 d 22 and the bottom VET is 20 days, it can be expected that the bottom layer DO will be consumed by 6 mg L 21 on average. The DO condition will be changed as the DO consumption rate changes. It can be expected that the critical VET value (>23 days) for the development of hypoxia (<2 mg L
) in the Bay may vary around 23 days when the total DO consumption rate changes. Although the summertime VET volume is significantly correlated with the hypoxic volume, it cannot catch all the variations as it can only explain the contribution of physical processes which regulates the DO replenishment. The deviation is due to biochemical processes related to nitrogen loading [Murphy et al., 2011; Scully, 2010b] . For example, the year 2001 has the lowest hypoxic volume, but its VET volume is not the lowest (Figures 10a and 10b) . The differences between hypoxic volume and the VET volume in these years may result from the difference of biochemical DO consumption.
Conclusion
[31] The vertical exchange time is introduced and linked with the hypoxia in the Chesapeake Bay. The VET is a suitable parameter for evaluating the variations of bottom DO concentration in both seasonal and interannual timescales. The VET is negatively correlated with DO concentration. The bottom DO will be less than 2 mg L 21 when the VET is greater than 23 days in summer for a total oxygen consumption rate of approximately 0.3 g O 2 m 23 d
21
. It can be expected that the critical VET value may vary around 23 days when the total DO consumption rate changes. The VET can be conveniently used to estimate bottom DO in the Bay if we know the oxygen consumption rate. The volume of water mass with VET >23 days is correlated with the hypoxic volume (DO <2 mg L 21 ) in the Chesapeake Bay. The results indicate that the VET volume can account for 77% of variations of hypoxic volume in the main Bay based on model simulation results. The VET cannot explain all the DO variations as it can only account for the contribution of physical processes that regulate the DO replenishment. The deviation is due to the biochemical processes that cannot be reflected by the VET.
[32] The seasonal feature and synoptic scale variations shown in the DO field can be well interpreted by the variations of the VET. The effects of wind forcing and river discharge on VET are examined. Sensitivity experiments indicate that the short-term vertical exchange process is highly controlled by the wind forcing. The high-speed wind duration is found to be highly correlated with the ventilation of bottom waters in the Bay. The occurrence of highspeed wind is usually coincident with the occurrence of a sharp decrease in the VET. Diagnostic analyses indicate that the advection process is the dominant process to replenish bottom DO. By removing the spring river discharge pulses, the summertime VET has only very minor changes. The VET is sensitive to the total amount of river discharge. The high VET volume can be expected in a wet year.
